Science and applications of Tailored Nanostructures

1

Flame Retardant Nano-Composites
containing Nano-Fillers

Hoon Kim, Ji-Won Park and Hyun-Joong Kim"

Lab. Of Adhesion & Bio-Composite, Program in Environmental Materials Science, College of Agriculture & Life Sciences,
Seoul National University, Seoul 151-921, Republic of Korea
Corresponding author

Outline

INEFOTUCTION. ..ttt sttt et st bbbt e b e sea b st b et et st e s n b et et sesereene 2
NBNO ClAYS.. ittt e st s et eb s et et st es e bbb et et e b b ses b e s et et st e n e eaesenereene 2
Surface MOdification OF ClaY.......ceeeueuieree e sttt b e st s sttt e s 3
Other NANOMALEITAL..cciueie ittt s e sttt s et bbb st sbe b st ebeb e sae sesenenesenne s 6
INTUMESCENT @EENTS ..ottt s st et s sre s e et e sre e s s e b e s 10
NaNOCOMPOSITE PrePaAratioN... ...ttt et ss et s e e s saeaas 13
ThErmMal SEADITTTY ...ttt e st e e s et ettt sbe s s e enan 15
FIam@ rEEAIAANCY . ..ucuiui ittt et sttt s e st e s st e s es st s s et en s eaesena 18
CONCIUSIONS ... ettt ettt et et et sttt s sttt b sea b e seb st b sea b e st et seb e et en s eaeaen et eaesesereene 23

LTy =1 =] 4101 R 24



Science and applications of Tailored Nanostructures 2

Introduction

There is a worldwide trend of using high Non-flammability polymer materials in construction, cars,
aircrafts, and ships, even though they are in electrical devices. A normal polymer material is
basically inflammable; to overcome the material’s limit, a halogen element is normally used.
Including a halogen material has been shown to give a high degree of flammability, but in their
consuming state, they produced toxicant intermediates. This result is more harmful to refugees and
the environment, whether they attain high flammability or not. For this reason, many governments,
including the United States of America (US) and the European Union (EU), have established
restrictions and regulations regarding flame-retardants and using halogenate material and diphenyl
oxide. In addition, the World Health Organization (WHO) and the US Environmental Protection
Agency (EPA) recommend a limit on the exposure amount for the risk assessment of toxic
components [1, 2]. Following that, a new flame retardant material should be developed to satisfy
new regulations.

Many flame retardant systems, including organic intumescent agents, metal hydroxide and
hydrocarbonates, phosphorus-based (red phosphorus, inorganic phosphorus, and organic
phosphorus), nitrogen-based, silicone, silica and nanometric materials (nanoclays, carbon
nanotubes, graphene), were designed and investigated [3].

Metal hydroxide systems have shown good performance, but they need a high amount of loading;
furthermore, purity and morphology can easily affect performance. However, this material has
been limited by the high cost of production. For example, magnesium hydroxide decomposes to
magnesium oxide with water endothermically (1,450 J/g) [4].

To overcome this drawback, nanometric materials are very affordable and convenient to combine
with a composite master batch. Therefore, in this chapter, we focused on nanometric flame-
retardant systems and the synergetic effect with intumescent agents.

Nano Clays

Nanoclays are classified depending on their element composition, electrical charge grade, and
dimension. When depending on elements, they are divided into many categories with the following
main big groups: montmorillonite, smectite, kaolinite, chlorite, and illite. Electrical divisions consist
of two categories: cationic and anionic. Following this property, the surface treatment process and
surfactant material should be changed. Finally, clay shapes are categorized as nanolayer,
nanoparticle, nanotube, and whisker. Additionally, clay can be divided based on their creation
pathway, of which there are three types: natural, incidental, and synthetic nanoparticles [5].

Many kinds of clays exist. However, when making a flame retardant nanocomposite, one typically
uses layered silicates that are synthesized or originate from nature. Among the clays, the cationic
layered silicate type of clay is domestically used for manufacturing composites. This clay’s structure
is specified as a layered crystal structure and consists of a tetrahedral structure, a silicon atom
surrounded by four oxygen atoms and an octahedral sheet with metals (aluminum, iron,
magnesium, and lithium) by eight oxygen atoms, like shown in Figure 1.1. The clay layer thickness is
approximately 1 nm, and the lateral dimension range is dependent on the class of clay and
synthesis process, from the smaller 20 nm to the larger micron scale [6].
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FIGURE 1.1
Structure of 2:1 phyllosilicates [6] Reproduced with permission. Copyright 2003, Elsevier Ltd.

Montmorillonite (MMT) and saponite are the most commercially and wildly used materials. A
common formulation of MMT is (Na, Ca)0.33(Al, Mg),(Si4010)(OH),-nH,0. MMT has been
measured and has a high aspect ratio in a well-dispersed nanocomposite with a high surface area of
approximately 750 m’g™ [7, 8]. For these reasons, MMT has shown good flame-retardancy when
added to a polymer composited material as a nanofiller.

Halloysite is a hollow tube type of clay, is rolled up to form a bilayer, and has a chemistry division
considered to be kaolinite, has recently attracted attention [9]. Halloysite nanotubes (HNTSs)
originate from nature as an aluminosilicate. Some clay exists in a layered state, but predominantly
many clays exist as a hollow shape structure. In general, clay has an electrical interaction between
clay layers, but the HNTs have no interaction between clay layers because they are rolled up and
the electrical interaction cancels itself in intra-clay; however, some interactions exist via hydrogen
bonds and van der Waals forces. Therefore, HNTs' dispersion is easier than layered silicate
dispersion in a polymer nanocomposite [10].

Other kinds of clay can also be used as a nanometric material in a polymer composite, but this
chapter concentrates on montmorillonite and halloysite nanotubes.

Surface modification of clay

When nanoclay is used in a composite as a flame retardant nanometric additive, dispersion is a very
important factor to accomplish the flame retardant property. Layered silicates inevitably have
electrical interactions; their chemical structure creates an imbalance in charge, so a treated silicate
layer appears as a stacked clay colony in a polymer matrix. This stacked clay cluster reduces the
specific surface area and consequently impoverishes the flame retardant property of the polymer
composite [11].
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In Figure 1.2, the clay dispersion state can be classified in three states: phase separated,
intercalated, and exfoliated. Exfoliated clay is the ideal state to use as a polymer nanocomposite
numerical additive. Their specific surface area increases following the silicate layer intercalation
and exfoliation. For the interaction between the silicate and polymer, the specific surface area is an
important factor influencing the polymer composite’s mechanical and flammability properties.

Layered sili

Phase separated Intercalated - Exfoliated

{(microcomposite)} {nanocomnosite) (nanocomnosite)

FIGURE 1.2

Scheme of different types of composites arising from the interaction of layered silicates and polymers: (a) a
phase separated micro-composite, (b) an intercalated nanocomposite and (c) an exfoliated nanocomposite.
[11] Reproduced with permission. Copyright 2000, Elsevier Ltd.

Pristine layered cationic clay interlayers contain charged Na+ or K+ ions [12]. In the clay
organomodification process, an organic surfactant is commonly used. Hence, the interlayer ions’
replacement surfactant incises the clay d-spacing, and the d-spacing showed differences,
depending on the replacement level and surfactant tail length [13]. Such an organic surfactant
modified layered clay has a positive effect on the dispersity in a composite. However, organic
surfactants have a single carbon chain, and a single conjugation linkage inevitability has a low
thermal stability. Therefore, when a nanocomposite is exposed to surrounding heat and
consumption, the surfactant consequentially has a bad influence on the composite’s thermal
stability and flammability.

In this chapter, which is focused on flame retardancy, the author considers that this drawback can
be overcome while sustaining the clay d-spacing. A thermally stable material for use as a clay
surface modification ingredient can make a thermally stable polymer nanocomposite, while at the
same time maintaining clay dispersion.
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FIGURE 1.3

(a) Schematic of clay intercalated with POSS. (b) X-ray powder diffraction patterns of intercalated clay by
POSS, pure clay, and pure POSS. (c) TEM micrographs of POSS-treated nanocomposite. [15, 16] reproduced
with permission. Copyright 2004, 2011, Elsevier Ltd.

Polyhedral oligomeric silsesquioxane (POSS) molecules are typically stable to over 400°C, which is
higher than the thermal degradation temperatures of most organic molecules [14]. The use of
amine-functionalized POSS or amine-POSS enabled an ionic exchange reaction and the surfactant’s
incorporation into the clay interlayer spacing (Figure 1.3) [15, 16]. The resulting nanocomposites
exhibited an enhanced thermal stability up to 300°C because of the presence of the silicate clay.
The intercalation of amine-POSS salts into clay galleries was evidenced by an increase in the
interlayer spacing from 1.26 to 1.61 nm. The polystyrene/clay nanocomposites, which were
produced by incorporating the amine-POSS/clay hybrid, exhibited an exfoliation of the clay
platelets (TEM image in Figure 1.3c) and an enhanced thermal stability compared with pristine
polystyrene [17].

Another way that is also considerable is using an agent containing a phosphate element. The
phosphate functions as an intumescent agent and as a radical scavenger. A phosphate containing
clay surface modifying material was designed, 2-(2-(5,5-dimethyl-1,3,2-dioxaphosphinyl-2-
ylamino)ethy-amino)-N,N,N-triethyl-2-oxoethanaminium chloride, and contains a phosphorus—
nitrogen structure (compound C). Compound C can successfully substitute for the Na+ ions
between silicate interlayers, as shown in Figure 1.4, and improve both the dispersion in the
polymer matrix and the flame retardancy of MMT [18].
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(a) Schematic of the substitution of Na+ by 2-(2-(5,5-dimethyl-1,3,2-dioxaphosphinyl-2-ylamino)ethy-amino)-
N,N,N-triethyl-2-oxoethanaminium chloride, containing a phosphorus—nitrogen structure. [18] Reproduced
with permission. Copyright 2010, Elsevier Ltd.

Many methods exist to modify the clay surface. Clearly, the clay surface electrical property is an
important factor on the clay dispersity in the polymer matrix, though the nanoclay dispersity in the
polymer composite is a correlated nanocomposite preparation process. This point will be discussed
in the nanocomposite preparation chapter.

Other Nanomaterial

For flammability, many kinds of nanometric material can be introduced, and among them, carbon
nanotubes (CNT) and graphene are notable. Carbon nanotubes are well known and wildly used in
polymer composites. There are two types of CNT, the single-wall type (SWNT) and multiwall carbon
nanotubes (MWNT) [19]. However, just for flammability, using SWNT has the drawback of a cost
problem; therefore, MWNT are wildly used and researched. Compared with the nanoclay, MWNT
have shown more respectable flammability properties and a thermostability about efficiency. While
MMT reached a flammability performance at a 0.135 mass fraction, MWNT need a 0.0003 mass
fraction (in N2 atmosphere) to reach a similar state [20].

Above, the ‘surface modification of clay’ chapter mentioned the importance of clay surface
modification. Compared with clay, the CNT (MWNT, SWNT) do not require surface modification
because they consist of sp2-bonded carbon atoms rolled into a seamless cylinder and its surface
electrical charge is close to that of a general polymer resin [19]. Additionally, the nature of the
dispersion problem for CNT is rather different from those of other conventional fillers, such as
spherical particles and carbon fibers, because CNTs are characterized by a small diameter on the
nanometer scale with a high aspect ratio (>1,000) and thus have an extremely large surface area. In
addition, the commercialized CNTs are supplied in the form of heavily entangled bundles, resulting
in inherent difficulties in their dispersion [21]. To resolve the CNT bundle issue, mechanical and
chemical treatments are required. The mechanical treatment uses the signification method in a
solvent matrix state, while the chemical treatment uses a surface modification method [21, 22].
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FIGURE 1.5

Schematic illustration for the synthesis of MWNT-PDSPB (poly-diaminodiphenyl —methane
spirocyclicpentaerythritol bisphosphonate). [24] Reproduced with permission. Copyright 2008, John Wiley &
Sons, Inc.

The MWNT surface modification has the benefit of solving the CNT bundle in a solution
environment, but a future chapter explains about the low thermal stability of the surface
modification molecule and its effect on the polymer composite’s flammability. To overcome the
drawback of CNT surface modification using a molecule containing phosphate like with clay
modification (Figure 1.5), the CNT surface electrical property should be different than that of the
clay surface. Therefore, to attach a molecule to a CNT, one should create functional groups on the
surface. For the CNT treatment, covalent approaches exist such as halogenation at high
temperature, hydrogenation, cycloaddition, radical addition, electrophilic addition, addition of
Inorganic compounds, ozonolysis, and many other possible methods [23].

MWNTs were treated with nitric acid and thionyl chloride and then reacted with poly-
diaminodiphenyl methane spirocyclicpentaerythritol bisphosphonate (PDSPB), as shown in Figure
1.5, finally obtaining MWNT-PDSPB. MWNT-PDSPB has good dispersion in organic solvents, and this
property is an important factor in making polymer nanocomposites when using the solvent method.
The dispersity of a polymer nanocomposite affects the rheology, storage modulus (G’), and loss
modulus (G”) of ABS/MWNT and ABS/MWNT-PDSPB nanocomposites are increased at 200 °C. For
flammability, the ABS/MWNT-PDSPB nanocomposites show a peak heat release rate (PHRR) that is
better than that of the ABS/MWNT composite. In brief, the grafting of the intumescent flame
retardant PDSPB can improve both the dispersion of nanotubes in the polymer matrix and the
flame retardancy of the nanocomposites [24].
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Graphene is also a well-known material and has been widely studied; like CNT, graphene also
consists of monolayer of an sp2-hybridized carbon honeycomb two dimensional lattice and shows
superior mechanical and electrical properties. In particular, many papers have been published
about graphene polymer nanocomposites, and this is the reason why we studied this material’s
advantageous properties. Graphene has sp2-covelent bonding, which is a feature allowing
interaction between layers, making polymer nanocomposite surfaces resistant to dispersion, and
additionally providing flame retardancy and thermal stability, in polymer resin [25].

Basically one- and two-dimensional nanometric filler’'s flame retardant property is due to the
formation of their nano- and microscale structure, and they interrupt thermally degraded
intermediate materials from moving and meeting oxygen in the atmosphere. Graphene and clay
have layered two-dimensional shapes. The clay atom formation is made by silicate, metal, and salt
atoms, but graphene consists of only sp2 conjugated carbon. Therefore, the specific surface area of
graphene is larger than that of a silicatenanoclay, and it shows a high efficiency of flammability
when used as a nanometric additive in a polymer nanocomposite compared with a silicate clay
nanocomposite [26].

Two-dimensional nanometric materials used in polymer composites show good flammability, and
an additional organic flame retardant can be added to the polymer nanocomposite to provide a
synergistically good flammability. This phenomenon will be explained in the next chapter in more
detail. When POSS and graphene are added with melamine polyphosphate as nanometric additives
in a polymer nanocomposite by melt blending, the synergetic flammability has a different
appearance. Zero-dimensional POSS does not enhance flammability properties, but then again,
graphene added to a composite shows increasing flammability because of the nano-reinforcement
and barrier effects of its unique structure, which is more suitable to manufacture flame retardant
PBS composites [27].

As one- and two-dimensional nanometric materials, CNT and graphene can give flammability to a
polymer composite, and they can be used together to show a combination effect. Additionally, an
intumescent flame retardant (IFR) system in combination with CNTs and graphene was utilized to
fabricate PP nanocomposites with an improved flame retardancy. This result confirms that when
composite residue after cone calorimetry is examined, the intumescent char enhanced with carbon
nanotubes and graphene nano-sheets was formed for the IFR/CNT/Graphene nanocomposites,
which inhibited the transmission of heat and mass when exposed to a flame or heat source; thus,
the flame retardant properties of the nanocomposites were improved [28].

Next, we discuss intumescent flame retardant-functionalized carbon nanotubes. Graphene has the
same sp2-conjugated carbon chemical structure; therefore, one can synthesize an intumescent
flame retardant poly piperazinespirocyclicpentaerythritol bisphosphonate (PPSPB) on graphene
oxide’s (GO) surface to obtain GO-PPSPB, and this process is similar to Figure 5. GO-PPSPB is mixed
with polyethylene vinyl acetate through a melt process, and this composite shows a peak heat
release rate (PHRR) 56% less than that obtained with a pure EVA resin; thus, the resultant GO-
PPSPB forming a char layer hinders the consuming process. In brief, the grafting of the intumescent
flame retardant PPSPB can improve both the dispersion of graphene in the polymer matrix and the
flame retardancy of the nanocomposites [29].
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Preparation route of poly piperazinespirocyclicpentaerythritol bisphosphonate (PBTP), functionalized
graphene oxide (GO) and the graphene flame retardant (GFR). [30] Reproduced with permission. Copyright
2013, Elsevier Ltd.

Any other type of flame-retardant can also be integrated with the novel graphene. In the ahead
paragraph, we talk about a phosphorus- and nitrogen-containing flame retardant system, they each
have a function and specific property. Now, we talk about a silicone-containing hybrid flame
retardant system, and the silicon-specific property under consumption shows thermal and thermo-
oxidative stabilities by converting to silicon dioxide, which can improve the composite’s
flammability by fortifying a char barrier to inhibit flammable intermediate products from leaving
the composite inner matrix to the consuming surface. Graphene and silicon both have a good
thermal stability, so a hybrid system is likely to show good flame retardancy. 3-
Aminopropyltriethoxysilane and benzene phosphorous oxydichloride were used for the synthesis of
phenyl-bis-(triethoxysilylpropyl) phosphamide (PBTP). This was reacted with graphene oxide, and
finally a graphene flame retardant (GFR) was obtained like the one shown in Figure 1.6. The
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graphene flame retardant and monomer make an epoxy resin nanocomposite, and their thermal
stability and flammability properties were investigated. Only 1 wt% of GFR was added to show a
significant reduction of HRR by 43% [30].

Once it is known that a representative nanometric flame retardant material’s basic mechanism is
based on a geometric property, through surface treatments, it is possible to get additional
flammability by using phosphorus and nitrogen elements.

Intumescent agents

To produce a superior grade of flame retardant polymer nanocomposite, just using novel
nanometric additives is insufficient to overcome the lack of efficiency; using an intumescent agent
is essential. Investment of novel nanometric additives for flammability is based on their
geometrical hindering effect; they have obvious limits, whereas an organic intumescent agent
system based on a chemical reaction is expected to exhibit a synergetic effect regarding
flammability [31-33].

In the last century, mankind has developed polymer and polymer composite materials. They are
widely used and need flammability. At first, intumescent agents containing halogenated materials
were used, but as time went on, environmental regulations were established. A halogen-free
intumescent system is in demand. Today’s intumescent agent consists of a phosphorus element, di
functional hydroxyl carbon, a nitrogen source, and a tree compound [34, 35]. These intumescent
flame-retardants are highly efficient in olefin polymers, and they consist of ammonium
polyphosphate (APP), pentaerythritol (PER), and melamine (MA). Ammonium polyphosphate (APP)
functions as an acid source to scavenge radicals and as a carbonization agent; pentaerythritol (PER)
has a role as a char forming agent, and melamine (MA) is for making nitrogen gas during the
thermal degradation process. These intumescent systems have complicated mechanisms, as shown
in Figure 1.7, in olefin polymer composites [36].

The flammability of intumescent agents contains notable processes of carbonization and making a
char layer. These processes are derived from a chemical reaction, and it takes some time to
accelerate the suing zeolite for the carbonizing process. Zeolite consists of aluminosilicate, silicon
dioxide, and a variety of cations, such as Na+, K+, Ca2+, and Mg2+, in an unstable electrical state
that can affect the chemical reaction during the thermal degradation process. A study on the
thermal degradation residue of an intumescent zeolite polymer composite by X-ray photoelectron
spectroscopy (XPS) found evidence that the pyridinic function of zeolite may participate in the
improvement of the fire proofing properties of the material [37]. Following similar reasons, using
metal chelates can confirm the composite’s enhancement of flammability and thermal stability [38].
The intumescent agent system mainly consists of three components: an aced source using
ammonium phosphate, a carbonization agent using a multifunctional alcohol, and a blowing agent
using melamine; the component’s flammability is dependent on the ratio recipe [39, 40]. However,
these systems have a basic problem regarding the hydrophilic property of pentaerythritol; they
have hydroxyl groups in the molecular structure, making for a moisture sensitivity problem, which
will decrease flammability and mechanical strength in the olefin polymer composite [41]. To
overcome these drawbacks, they synthesized a component that is a novel halogen-free
phosphorus-containing caged bicyclic carbonization agent (BCPPO, Figure 1.8-a), which is
hydrophobic in nature and shows a high thermal stability because of the symmetrical structure and
the incorporation of a benzene group, and was successfully synthesized by a nucleophilic
substitution reaction at a low temperature. When used in a polypropylene composite, the material
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shows good flammability and dripping resistances, and exhibits a synergetic effect with APP (acid
source) and MA (gas source) [42].
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Chemical reactions in olefin polymer composite intumescent formulations. [36] Reproduced with permission.
Copyright 2005, John Wiley & Sons, Ltd



Science and applications of Tailored Nanostructures 12

HO OH o
(a) X + POCl; — O=P\-\§/\OH + 3HCI
HO OH a2
0
1] O o) 0]
Cl—k—=Cl o 0=F, 6/\0—5—-0’\6 P=0
/ «~ -
+ 2o=p%.§/\0|-|—- o2 o + 2HCI

FIGURE 1.8

(a) Synthesis route of bis(2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane-1-ox0-4-hydroxymethyl) phenyl-
phosphonate (BCPPO). (b) Synthesis of bis(2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane-4-methanol)
chlorophosphate. [42, 43] Reproduced with permission. Copyright 2005, 2007, Elsevier Ltd.

The next paragraph mentions the synthetic phosphor element and pentaerythritol. However, one
can synthesize a novel phosphorus-nitrogen containing compound for use as a new intumescent
flame retardant that concentrates all of the three elements in itself, like Figure 1.8-b [43].

Both cases of synthesized flame retardants show excellent flame retardancy in a polymer
composite [42, 43]. Additionally, it is worth mentioning about the use of silica-containing materials
as a synergetic material in a polymer composite. Normal flame retardants have some drawbacks
compared with the halogen-element-containing flame retardants [44], for instance, a low
flammability efficiency. Therefore, to overcome the drawback, one should develop a new flame-
retardant system. It was found that many researchers have shown that synergistic agents can
effectively increase the strength and stability of the char layer by Si-O-P—C and Al-O—P—C bonds
[45, 46]. Thus, using a general silicon compound, hydroxyl silicone oil, with common flame-
retardant compounds (APP and PER) can make a polymer (PP) composite. These composites show
an increase in the efficiency of the intumescent char shield, and the chemical catalytic action of the
solid acids derived from the reaction of APP and SiO, occur on the surface of the burning composite
further reduce the HRR of the composite [47].
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Possible flame retardant mechanism of the IFR-poly butylene succinate (PBS) composite with fumed silica. [48]
Reproduced with permission. Copyright 2010, American Chemical Society.

In addition, fumed silica can also be used as a synergetic additive in a polymer intumescent
composite, and it shows similar results regarding flammability and the same chemical reaction in
the consumption stage. Figure 1.9 shows the silica particle’s role during combustion. They show the
chemical and structural role of silicate. Fumed silica was easy to accumulate on the sample surface
because of its large surface area, low density, and low superficial free energy in heating. Thus, a
flame retardant PBS with fumed silica could form a physically strong charred surface layer during
combustion. The more stable intumescent charred layer could not only effectively prevent the melt
from dripping but also hinder the propagation of oxygen and heat into the interior substrate [48].
These intumescent flame retardants show a synergetic effect with the silicate material. In this part,
we talk about the possibility of a synergetic effect with the silicate material by chemical and
structural means on the molecular and micro level. The next section will talk about the synergetic
effect between the nanoclay and the intumescent agent system.

Nanocomposite preparation

The polymer nanocomposite preparation methods are classified as three big methods referring to
the dispersion technique: the solution method, in situ polymerization, and melt compounding.
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Solvent method

This method is based on using a solvent. In this process, the polymer used is soluble, and
nanometric additives should be easily dispersed, in which the nanometric additives are treated by
their surface modification method. The polymer and nanometric additives are added to water and
an organic solvent, and they are mechanically mixed by stirring or ultrasonification. The final step
of the preparation method is that the solvent is totally removed from composite by using an oven
or vacuum situation oven to precipitate vaporization. The solvents that are mainly used are xylene,
toluene, benzene, ethylene acetate, benzene and other organic solvents and can be used to dilute
an olefin polymer. Sometimes, water can be used to dilute water soluble polymers, for example,
polyethylene glycol (PEG), polyvinyl alcohol (PVA), and polyethylene oxide (PEO). The solvent
method is easy to adapt to many cases of polymer nanocomposites because of the materials’
solubilities. Nevertheless, as a strong point, it is not too easy to adopt on an industrial scale, as this
method needs a lot of time to process, a large amount of solvent, and finally a lot of energy to
evaporate the solvent; therefore, it affects the environment and is economically prohibitive [6, 11,
49].

In situ polymerization

In situ polymerization is a very effective method for nanomaterial dispersion. Well-known research
involving a polymer/nanoclay composite on PA6 by using in situ polymerization was performed by
the Toyota research group [50]. After two decades, much research has been attempted. Normally,
the in situ polymerization follows two steps: In the first step, the nanometric particles are added to
the monomer, and then they are stirred or sonicated for dispersity. In the second step, the
nanomaterial-dispersed monomer solution is polymerized using a normal polymerization method
[51]. Particularly, in situ polymerization shows a good dispersity for nanosilicate materials in a
Nylon6 matrix [52]. The previous section mentions the importance of the nanoclay’s degree of
intercalation. These methods are very effective and show a good interaction between the clay and
the nylon polymer matrix. After the monomer stat organic monomer is inserted between the clay
layers, then the clay layers unfold during the polymerization [53]. However, sometimes rings form
from monomer situated between the clay layers. The rings close the d-spacing of the clay layers by
a ring opening polymerization when they have less interaction with clay surface [54]. Furthermore,
CNT can also be used for in situ polymerization, with solving CNT bundles and dispersion being
important factors [55]. Thus, in situ polymerization has strong points regarding nanodispersion with
many kinds of polymer and nanometric additives; however, this process has some drawbacks on
the industrial scale. First, the materials need a long curing time of over 24 h. Second, sometimes
the nanometric additives re-aggregate during the subsequent processing step; therefore, they are
not always thermodynamically stable. Finally, this process is suitable to a resin manufacturer who
adopts the process on the production line [56].

Melt compounding

Melt blending is a well-known and widely used nanometric additive and polymer compounding
process. Melted polymer resin is mixed with nanometric particles in a twin extruder or internal
mixer, with forced shear stress and thermodynamic kinetics. Compared with the previous two
methods, melt compounding has the advantages that it needs little time and is more economical
when adopted to an industrial production line, and the formulation can be easily changed. This
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process does not need organic solvent, because the process is more ecofriendly compared with the
previous two methods. Melt compounding is largely divided into two groups, dynamic
compounding and static compounding. Typically, static compounding uses an internal mixer, and
dynamic compounding uses a twin extruder. For convenience and efficiency, the dynamic
compounding method is widely used in industry and laboratories. During the melt compounding
process, nanometric materials and polymer resin are subjected to shear forces; thus, a nanometric
bundle is resolved, and they mix together. However, just using melt compounding falls short in
achieving a high dispersity and good clay intercalation because the interaction between the matrix
and the novel nanometric particles is weaker than that between the particles. To overcome these
drawbacks, a coupling agent can be used, usually a malic anhydride grafted polymer [57, 58].
Otherwise, surface modified nanometric particles or both can be used for good dispersity in a
polymer matrix [6, 11, 19, 59].

In this part, we introduced the basic three preparation methods. Each method has pros and cons.
For using polymer and nanometric particles, the compounding method should be selected for the
best performance based on the dispersity of nanomaterials.

Thermal stability

The concepts of thermal stability and flame retardancy look so similar, but something is different.
Both concepts are based on thermal degradation but measure different properties and
atmospheres. The thermal stability of polymer-based composite materials is measured by a
thermogravimetric analyzer (TGA). TGA can be controlled by an atmosphere furnace, and the
technique normally measures thermal stability be using a nitrogen atmosphere condition. On the
other hand, when measuring the flame retardancy one uses a novel atmosphere condition.
Therefore, thermal stability did not affect the O, shielding effect and can be dedicated to the
chemical degradation reaction based on thermodynamics.

Despite the general improvement in flame retardancy, decreases in the polymer thermal stability in
nanocomposites have been reported, and many diverse mechanisms have been suggested to solve
the phenomenon. In this research field, it has been argued that to explain this phenomenon, for
example, nanometric additives can accumulate heat during the early stage of exposure to the heat
source, and as a result, the nanometric particles accelerate the decomposition of the composite
material. This result is connected with the heat flow from the heat source to the polymer
composite [60]. Additionally, in the case of an organically modified clay composite, surface
modified by organic surfactant, containing alkyl ammonium cations, could be affected by
decomposition followed by Hofmann elimination [61]. Furthermore, for an organic surfactant
containing a single carbon chain for the tail, the thermal decomposition temperature starts at
approximately 180°C [62].
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FIGURE 1.10
TGA curves for pure ABS and ABS with various PDSPB contents at a heating rate of 10 'C /min in N2. [65] With
permission. Copyright 2007, Elsevier Ltd.

Exceptionally, intumescent agent/polymer composites, including polymeric synthesized
intumescent agents or conjugated with a nanometric surface, show decreasing thermal stability in
the intumescent polymer composite. Haiyunet al. [65] describe a novel phosphorous-nitrogen
structure containing an intumescent flame retardant, poly(4,4-diaminodiphenyl methane
spirocyclicpentaerythritol  bisphosphonate) (PDSPB), synthesized and compounded with
acrylonitrile-butadiene-styrene copolymer (ABS) and characterized it. The thermal stability was
measured by TGA in a N2 atmosphere, and Figure 1.10 shows the TGA thermograms of pure ABS
and ABS with various PDSPB contents. The TGA results show that the addition of PDSPB reduces the
initial degradation temperature, nevertheless incised residue (may as char form) weigh, and it can
affect the flammability but not the stability. Comparing PDSPB intumescent agent and ABS co-
polymer, at degradation starting temperature shows a large gap, even if the polymerized
intumescent agent did not overcome the low decomposition temperature.

However, many reports show the increasing of thermal stability of clay nanocomposites because
nanoclay acts as an insulator and a thermal barrier to interrupt the diffusion of volatile thermal
degradation intermediate materials, as well as supports the char forming process during thermal
consumption [6, 63, 64, 66].

As a practical example, Jinet al. [67] studied the fire properties of polystyrene-clay nanocomposites,
also using the TGA measured thermal stability of the composite, and they show a dramatic increase
compared with the virgin PS, as shown in Figure 1.11, where the degradation temperature is 50 °C
higher. The phosphonium nanocomposite, one can see that there is a second step in the
degradation, which is absent in the other two materials. This second step accounts for
approximately 30% of the degradation of the phosphonium polystyrene nanocomposite and must
be attributed to some interaction between the clay and the polymer that serves to stabilize the
nanocomposite. The most likely explanation is that the higher decomposition temperature of the
phosphonium clay provides the formation of char at a more opportune time to retain the polymer.
In the case of the ammonium clays, char formation occurs earlier and can be broken up by the time
that the polymer degrades [67].
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FIGURE 1.11
TGA curves for polystyrene, PS, and the nanocomposites. [67] Reproduced with permission. Copyright 2001,
American Chemical Society.

Graphene has a similar morphology to nanoclay and shows similar results regarding thermal
stability, when used for nanometrics in a polymer matrix, and many papers show an increased
thermal stability of the graphene polymer composite [68]. Nevertheless, graphene should be
exfoliated to show a sufficient thermal property. When compared with exfoliated graphite (EG) and
natural graphite (NG) in a polylactide matrix as nanometric additive, the thermal stability shows a
difference in the TGA curve, as shown in Figure 1.12. In the case of the untreated graphene (natural
graphene polymer composite, the TGA curve is undistinguishable. Furthermore, 0.5 wt% of NG
composite TGA curve is lower than that of the neat PLA resin. Only the residue of the composite at
temperatures over 400°C amount wt% was increased proportionally with the initial NG feed
content in the composite. EG and NG composites were compared regarding their thermal stabilities,
thermal degradation temperature at 5%, and 50% weight losses point (T5% and T50%), evaluated
by the TGA method. T5% and T50% of polylactidehomopolymer were determined to be 350°C and
386°C, respectively. For instance, the T5% of the PLA/EG nanocomposite with 3.0 wt % EG was
~364°C, which is ~14 K higher than that of PLA homopolymer. This improved thermal stability of
PLA/EG nanocomposites is believed to originate from the fact that graphite nanoplatelets of EG,
which were dispersed homogeneously in the PLA matrix, serve as the mass transfer barriers against
the volatile pyrolized products in the PLA matrix, eventually retarding thermal degradation of the
nanocomposites [69].
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TGA curves of (A) PLA/EG and (B) PLA/NG composites with various graphite contents. [69] With permission.
Copyright 2010, Wiley Periodicals, Inc.

In this flame retardancy part, carbon nanotubes are finally described. CNT morphology is different
with layered silicate and graphene; they have a two dimensional morphology. Thus, they have a
different property and form a different carbonization structure, when they are used as a
nanometric additive in a polymer matrix. They form a fibrous three dimensional network structure,
which has an effect on the composite when exposed heat sources and thermal degradation
processes, with improved thermal stability of CNT polymer composites in those conditions [70]. In
contrast, CNT polymer composites show different TGA curb behavior; as CNT contents increase,
thermal stability is decreased. They decreased the thermal stability of the composites in nitrogen
condition. This is probably due to the remnant catalyst in the SWNT hastening the decomposition,
and also the decomposition starting as the temperature was diminished [71].

Widely used organic flame retardants have low thermal stability and degradation starting
temperatures. For these reasons, organo-containing flame retardant composites and
nanocomposites show low decomposition starting temperatures [1-3, 18, 20]. To overcome these
drawbacks, nanometric additives are used together when making polymer composites.
Alternatively, intumescent agents reacted on nanometric or polymerized together [18, 24, 29-30,
39, 43].

As seen before, thermal stability was decreased, following an increase in the mass ratio of
nanometric or intumescent agents in polymer composites, as evaluated by using TGA under
nitrogen condition. These results are based on chemical degradation; nanometric materials affect
flammability by forming a three-dimensional network structure, and this structure interrupts
intermediate diffusion of intermediate materials to meet oxygen in the air at the consuming
reaction surface. However, using TGA under nitrogen condition, these effects are insignificant to
rising thermal stability.

Flame Retardancy

In this chapter, flame retardancy already mention about impotency of. Many methods exist to
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evaluate flame retardancy, but among the many methods, the cone calorimeter has been the one
mainly and widely used by researchers. The cone calorimeter provides many kinds of valuable
information and indicates the flame retardancy. Mainly, these tests follow standard methods, such
as ASTM 1354 and ISO 5660, and they provide the oxygen consumption rate. Obtained indications
of oxygen change value are calculated to amount of heat energy during polymer consumption. The
cone calorimeter experiment uses radiant heat to irradiate the sample, mainly at 35 or 50 kW/m2.
The experiment provides information on many properties, including heat release rate (HRR), peak
of heat release (PHRR), time to ignition (TTI), total heat released (THR), and mass loss rate (MLR).
The HRR and MHRR are mainly used as the most valuable indicators of flame retardancy [72, 73].

In many research papers have described enhanced flame retardancy using nanometric additives
and intumescent agents, when compared with novel polymer [4-11, 15, 20-32]. Thermal stability
and Flame retardancy properties look similar but are different, considering the degradation
mechanism and experiment condition. When comparing the two properties from the viewpoint of
degradation mechanism, thermal stability was degraded under oxygen restricted conditions; thus,
they were just affected by thermal energy, and there was no interference by oxygen. However,
flame retardancy occurs under novel air conditions; therefore, it is naturally affected by oxygen,
and during the process, samples are affected by the structure formed by nanometric additives or
intumescent agents. These three dimensional network structures hinder the degraded
intermediate materials from moving to meet with oxygen and shield the heat energy formed by the
heat source. For these reasons, some nanocomposite polymer and intumescent polymer composite
show low thermal stability, but on the contrary, they show good flame retardancy. Flame
retardancy is such a complicated property because it is affected by chemical structure and additive
dispersity of residuals forming and by the reciprocal action between composite elements of organic
and inorganic materials under air conditions.

Zanetti and Costa [74] studied the nanosilicate polymer composite consumption process; when
using an EVA-based nanocomposite that showed enhanced flammability, HRR and MLR were
reduced 70-80% with silicate lodging 2-5%. These results are due to the formation of clay-char;
these structures have refractory properties and porous structures. During the consumption
process, clay-char layer formed by the silicate clay reassembles during charring process of the
polymer.

Kashiwagiet al. [75] studied the flammability of a CNT polymer nanocomposite material and a
carbon black (CB) polymer composite. CNTs have a different morphology compared with
nanosilicate or graphene; silicate or silicate clay have a two-dimensional plate type morphology,
while CNTs have one-dimensional wire like morphology. However, CNT composites have similar
mechanisms, CNT also produce residual form, have CNT structural core. As shown at Figure 1.13
CNT polymer nanocomposite show low HRR graph compare with a novel polypropylene resin. 1%
CNT/PP composite shows the lowest heat release rete; the reason for the lowest PHRR is due to the
balance between the effect of thermal conductivity and the shielding performance of external
radiant flux (and heat feedback from the flame) depending on the concentration of MWNT in the
sample. A nanotube network layer consisting of carbon nanotubes is formed, and it covers the
entire sample surface without any significant cracks forming during burning.
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TGA (a) Effects of concentration of MWNT in PP on heat release rate of PP/MWNT nanocomposite at 50
kw/m>. (b) SEM picture of MWNT dispersion in the PP/MWNT(4%) nanocomposite after solvent removal of
PP. (c) Collected residues after the gasification experiment at 50 kW/m? in nitrogen about PP/MWNT(1%). [75]
Reproduced with permission. Copyright 2004, Elsevier Ltd.

Graphene has a chemical structure similar to CNTs, composed of sp, carbon atoms arranged in a
honeycomb structure, and the same morphology as nanosilicate clay’s two-dimensional sheet.
When MMT, CNT, and graphene are compared with the same 3 wt% of nanometric polymer
composite for flammability using a cone calorimeter, they have different behaviors, as shown in
Figure 1.14. Compared to pure PVA, the PHRR of PVA-G3 is reduced by 49% and is lower than those
of PVA-MMT and PVA-MWNTs. To explain this unexpected fire behavior, morphologies of the final
chars after cone calorimeter tests of the PVA composites were based on graphene nano-sheets by
using SEM. The SEM images (Figure 1.14 b) for the residues of PVA-G3 after cone calorimeter tests
showed that many quadrate carbonaceous particles (1-3 pum) joined each other and formed the
compact, dense and uniform char. The graphene can promote the formation of compact char layers
in condensed phase during combustion of the polymer matrix. Furthermore, the char structure
effectively prevents the inside thermal decomposition products into the flame zone and that of the
02 into the underlying polymer matrix [26].
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(a) Cone calorimeter experiments, heat release rate versus time curves: comparison of the effect of the 3wt%
different nanofillers (Na-MMT, MWNTs and graphene). (b) Morphologies of the final chars after cone
calorimeter tests of PVA-Graphene 3wt% composite. [26] Reproduced with permission. Copyright 2011,
Elsevier Ltd.

These nanometric composites showed good flammability compared with novel polymer resin. In
addition, they can have synergetic effect on flammability, when they are used together in a
polymer matrix as additives. Sepiolitenanoclay (Sep) has a unique morphology in the class of
nanoclay, and CNT creates a network, forming a tight char. Clay and CNT both create char layers.
When they are used together, the clay and CNT hybrid composite makes a much higher density
network form, when compared with other CNT/PP or clay/PP composite cone calorimeter residue,
shown in Figure 1.15. Thus, the PHRR can be dynamically decreased from a novel PP of 1,933
kW/m? to PP/CNT/Sep composite of 355 kW/m’ for the 10wt% Sepiolite + 2wt% MWNT ternary
nanocomposites system, these result originated from a higher density char residue. The use of
sepiolitenanoclay in combination with multi-walled CNTs showed that the PHRR was significantly
reduced by 82% compared to the neat polymer in the cone calorimeter shown in Figure 1.15 [76].
Marosfoilet al. also studied the flame retardancy performance of CNT filled PP and managed to
reduce the PHRR from 2,755 kW/m2 to 76OkW/m2 for PP and PP/CNT, respectively [76, 77]. In this
way, using different morphological nanometric additives can lead to synergetic flammability
performance.

The non-halogen Intumescent agent system was widely studied and is now used for additive in
flame retardant composite materials [1, 34, 35, 65]. These flame retardants consist of three basic
elements, mainly ammonium polyphosphate (APP)/ pentaerythritol (PER)/ melamine (MER).
However, the flame retardant mechanism of APP/PER has been investigated, but it is very
complicated; the study of flame retardant mechanism between APP and oligomeric char forming
agents was established. Furthermore, the traditional IFR additives are susceptible to migration onto
the polymer surface during processing, owing to their low molecular weight, and thus decreasing
the flame retardant efficiency. To solve these shortcomings, high molecular weight, namely
oligomeric or polymeric IFRs, have been developed, which provides a good strategy to solve the
above problems [78]. These polymerized intumescent agent containing polymer composites show
good flammability. Peng et al. [42] studied these kinds of intumescent agent systems BCPPO and
achieved a low PHRR value for 122.7 kW/m2 compare with novel PP resin for 729.6 kW/mz; they
were successfully exerted in the intumescent system.
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(a) Heat release rate versus time chart for unfilled PP and ternary PP nanocomposite (10 wt.% Sep + 2 wt.%
MWNT). SEM images of (b) PP+ CNT (c) PP + Sep and (d) PP ternary system post cone calorimeter test. [76]
Reproduced with permission. Copyright 2012, John Wiley & Sons, Ltd.

Both nanometric additives and intumescent agents can accomplish good flammability, and when
they are used for additives in polymer composites, they show synergetic flammability performance.
PDSPB intumescent agent and MMT clay were used for additives of ABS based polymer composites,
and they were compared with clay composite and MMT composite. During composite blending
process MMT clay be exfoliated affect by PDSPB, so the ABS/PDSPB/MMT composite has high
dispersity and Specific surface area compared with the ABS/MMT composite, as shown at Figure
1.16 (c, d). These clay-intumescent hybrid composites show blameless efficiency, compared with
other composites’ achievement of flammability. The ABS/PDSPB/MMT composite is made of PDSPB
18wt% and MMT 2wt%; nevertheless, it shows a flammability value lower than the ABS/PDSPB
30wt% composite sample, as shown at Figure 1.15(a). How do these composites show synergetic
performance? The acid source in PDSPB of phosphoric acid is deformed as an acid catalyst by heat
energy. They related the dehydration process to making carbonific compound. The phosphoric acid
has close association about forming silicoaluminophosphate (SAPO); these processes are illustrated
in Figure 1.16 (b) [79].
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(a) Heat release rate (HRR) of ABS, ABS/montmorillonite 2wt%, ABS/PDSPB 20 and 30wt% blends and
ABS/PDSPB/MMT, 80/18/2wt% at 35 kW/m2. (b) The proposed structure of SAPO and final chars for
ABS/PDSPB/MMT. (c) TEM micrographs ABS/montmorillonite (d) TEM micrographs ABS/PDSPB/MMT.
Reproduced with permission. [79] Reproduced with permission. Copyright 2007, Elsevier Ltd.

In the same vein, hybrid formulation about organic intumescent system and other nanometric
additives, such as CNT and graphene, is expected to have a synergetic flammability effect. Ma et al.
[24] grafted PDSPB on MWNT, obtaining MWNT-PDSPB as shown in Figure 1.5. MWNT-PDSPB also
achieved good dispersity in the composite and improved flammability. Graphene also has been
grafted polymerized in various organic-inorganic intumescent systems, and the adapted polymer
composite has high thermal stability and flammability [29, 30].

Conclusion

In this chapter, we investigate about flammability of nanometric polymer composite and
intumescent system. The representative nanometric materials, including nanoclay, carbon
nanotube and graphene, referred to in this chapter can be used as flame retardancy additives. In
addition, an organic intumescent system was summarized regarding its chemical composition and
mechanism. Occasionally nanometric additives, for achieving high flammability, have priority for
dispersity in polymer composites. In the case of clay, it should be modified on the surface to make
clay intercalate and an exfoliated state. To solve these problems, the nanometric additives surface
is grafted by polymer consisting of an intumescent agent system element. Composites that contain
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intumescent agents grafted nanometric additives show advanced flame retardancy. Using different
kinds of nanometric additive together in the composite resulted in synergetic flame retardancy
originating from the morphological properties. Additionally, reactions between the intumescent
agent and the nanosilicate surface result in the formation of carbonic char, and this reaction is the
reason for the synergetic effect on flammability. Finally summarizing this chapter, flammability has
many complicated reasons, including chemical properties and physical properties originating from
morphology, and when additives are used together, they can have synergetic outcomes.

References

1. S. Y. Lu, I. Hamerton, “Recent developments in the chemistry of halogen-free flame
retardant polymers”, Progress in polymer science, vol. 27, pp. 1661-1712, 2002.

2. US Environmental Protection Agency, EPA/600, vols. 1-3. Washington: US GPO; 1994.

3. F. Laoutid, L. Bonnaud, M. Alexandre, J.-M. Lopez-Cuesta, Ph. Dubois, “New prospects in
flame retardant polymer materials: From fundamentals to nanocomposites”, Materials
Science and Engineering R, vol. 63, pp. 100-125, 2009.

4. R. N. Rothon, P. R. Hornsby, “Flame retardant effects of magnesium hydroxide”, Polymer
Degradation and Stability, vol. 54, pp. 383-385, 1996.

5. A. P. Kumar, D. Depan, N. S. Tomer, R. P. Singh, “Nanoscale particles for polymer
degradation and stabilization—Trendsand future perspectives”, Progress in Polymer
Science, vol. 34, pp. 479-515, 2009.

6. S. S. Ray, M. Okamoto, “Polymer/layered silicate nanocomposites: a review from
preparation to processing”, Progress in Polymer Science, vol. 28, pp. 1539-1641, 2003.

7.  G. Kahr, F.T. Madsen, “Determination of the cation exchange capacity andthe surface area
of bentonite, illite and kaolinite bymethylene blue adsorption”, Applied Clay Science, vol. 9,
pp. 327-336, 1995.

8. E. Manias, A. Touny, L Wu, K. Strawhecker, B. Lu, and T. C. Chung,
“Polypropylene/montmorillonite nanocomposites. Review of the synthetic routes and
materials properties”, Chemistry of Materials, vol. 13, pp. 3516-3524, 2001.

9. M. Du, B. Guo, D. Jia, “Newly emerging applications of halloysitenanotubes: a review”,
Polymer International, vol. 59, 2010.

10. M. Liu, A. lJia, D. Jia, C. Zhou, “Recent advance in research on halloysite nanotubes-
polymernanocomposite”, Progress in Polymer Science, vol. 39, pp. 1498-1525, 2014.

11. M. Alexandre, P. Dubois, “Polymer-layered silicate nanocomposites: preparation,
propertiesand uses of a new class of materials”, Materials Science and Engineering, vol. 28,
pp. 1-63, 2000.

12. G. W. Brindley, G. Brown, “Crystal structures of clay minerals and their x-ray
identification”, Mineralogical Society Monograph, vol. 5, pp. 504, 1984.

13. E. Hackett, E. Manias and E. P. Giannelis “Molecular dynamics simulations of organically
modified layered silicates” The Journal of Chemical Physics, vol. 108, pp. 7410, 1998.

14. S. H. Phillips, T. S. Haddad, S. J. Tomczak, “Developments in nanoscience: polyhedral
oligomericsilsesquioxane (POSS)-polymers”, Current Opinion in Solid State and Materials
Science, vol. 8, pp. 21-29, 2004.

15. D. R. Yei, S. W. Kuo, Y. C. Su, F. C. Chang, “Enhanced thermal properties of PS

nanocomposites formed from inorganic POSS-treated montmorillonite”, Polymer, vol. 45,
pp. 2633-2640, 2004.



Science and applications of Tailored Nanostructures 25

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

S. W. Kuo, F. C. Chang, “POSS related polymer nanocomposites”, Progress in Polymer
Science, vol. 36, pp. 1649-1696, 2001.

C. W. Chiu, T. K. Huang, Y. C. Wang, B. G. Alamani, J. J. Lin, “Intercalation strategies in
clay/polymer hybrids”, Progress in Polymer Science, vol. 39, pp. 443-485, 2014.

G. Huang, J. Gao, Y. Li, L. Han, X. Wang, “Functionalizing nano-montmorillonites by
modified with intumescent flame retardant: Preparation and application in polyurethane”,
Polymer Degradation and Stability, vol. 95, pp. 245-253, 2010.

M. Moniruzzaman and K. I. Winey, “Polymer nanocomposites containing carbon
nanotubes”, Macromolecules, vol. 39, pp. 5194-5205, 2006.

S. S. Rahatekar, M. Zammarano, S. Matko, K. K. Koziol, A. H. Windle, M. Nyden, T.
Kashiwagi, J. W. Gilman, “Effect of carbon nanotubes and montmorillonite on the
flammability of epoxy nanocomposites”, Polymer Degradation and Stability, vol. 95, pp.
870-879, 2010.

P. C. Ma, N. A. Siddiqui, G. Marom, J. K. Kim, “Dispersion and functionalization of carbon
nanotubes for polymer-based nanocomposites: A review”, Composites: Part A, vol. 41, pp.
1345-1367, 2010.

T. Kashiwagi, F Du, J. F. Douglas, K. I. Winey, R. H. Harris Jr and J. R. Shields, “Nanoparticle
networks reduce the flammability of polymer nanocomposites”, Nature Materials, vol. 4,
pp. 928-933, 2005.

D. Tasis, N. Tagmatarchis, A. Bianco, and M. Prato, “Chemistry of carbon nanotubes”,
Chemical Reviews, vol. 106, pp. 1105-1136, 2006.

H. Y. Ma, L. F. Tong, Z. B. Xu, and Z. P. Fang, “Functionalizing carbon nanotubes by grafting
on intumescent flame retardant: nanocomposite synthesis, morphology, rheology, and
flammability”, Advanced Functional Materials, vol. 18, pp. 414-421, 2008.

J. R. Potts, D. R. Dreyer, C. W. Bielawski, R. S. Ruoff, “Graphene-based polymer
nanocomposites”, Polymer, vol. 52, pp. 5-25, 2011.

G. Huang, J. Gao, X. Wang, H. Liang, C. Ge, “How can graphene reduce the flammability of
polymer nanocomposites?”, Materials Letters, vol. 66, pp. 187-189, 2012.

X. Wang, Y. Hu, L. Song, H. Yang, B. Yu, B. Kandola, D. Deli, “Comparative study on the
synergistic effect of POSS and graphene with melamine phosphate on the flame
retardance of poly(butylene succinate)”, Thermochimica Acta, vol. 543, pp. 156-164, 2012.
G. Huang, S. Wang, P. Song, C. Wu, S. Chen, X. Wang, “Combination effect of carbon
nanotubes with graphene on intumescent flame-retardant polypropylene
nanocomposites”, Composites: Part A, vol. 59, pp. 18-25, 2014.

G. Huang, S. Chen, S. Tang, J. Gao, “A novel intumescent flame retardant-functionalized
graphene: Nanocomposite synthesis, characterization, and flammability properties”,
Materials Chemistry and Physics, vol. 135, pp. 938-947, 2012.

Z. Wang, P. Wei, Y. Qian, J. Liu, “The synthesis of a novel graphene-based inorganic—
organic hybrid flame retardant and its application in epoxy resin”, Composites: Part B, vol.
60, pp. 341-349, 2014.

Z. Y. Wang, E. H. Han, W. Ke, “Fire-resistant effect of nanoclay on intumescent
nanocomposite coatings”, Applied Polymer, vol. 103, pp. 1681-1689, 2007.

Y. Li, B. Li, J. Dai. H. Jia, S. Gao, “Synergistic effects of lanthanum oxide on a novel
intumescent flame retardant polypropylene system”, Polymer Degradation and Stability,
vol. 93, pp. 9-16, 2008.



Science and applications of Tailored Nanostructures 26

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

S. S. Mahapatra, N. Karak, “s-Triazine containing flame retardant hyperbranched
polyamines: Synthesis, characterization and properties evaluation”, Polymer Degradation
and Stability, vol. 92, pp. 947-955, 2007.

H. Horacek and S. Pieh, “The importance of intumescent systems for fire protection of
plastic materials”, Polymer International, vol. 49, pp. 1106-1114, 2000.

C. E. Anderson, Jr., J. Dziuk, Jr. and W. A. Mallow, J. Buckmaster, “Intumescent reaction
mechanisms”, Journal of Fire Sciences, vol. 3, pp. 161-194, 1985.

Y. Tang, Y. Hu, J. Xiao, J. Wang, L. Song and W. Fan, “PA-6 and EVA alloy/clay
nanocomposites as char forming agents in poly(propylene) intumescent formulations”,
Polymers for Advanced Technologies, vol. 16, pp. 338-343, 2005.

S. Bourbigot, M. L. Bras, R. Delobel, L. Gengembre, “XPS study of an intumescent coating II.
Application to the ammonium polyphosphate/pentaerythritol/ethylenic terpolymer fire
retardant system with and without synergistic agent”, Applied Surface Science, vol. 120,
pp. 15-29, 1997.

D. Y. Wang, V. Liu, Y. Z. Wang, C. P. Artiles, T. R. Hull, D. Price, “Fire retardancy of a
reactively extruded intumescent flame retardant polyethylene system enhanced by metal
chelates”, Polymer Degradation and Stability, vol. 92, pp. 1592-1598, 2007.

C. Jiao, X. Chen, “Flammability and thermal degradation of intumescent flame-retardant
polypropylene composites”, Polymer Engineering & Science, vol. 50, pp. 767-772, 2010.

M. Lewin and M Endo, “Catalysis of intumescent flame retardancy of polypropylene by
metallic compounds”, Polymers for Advanced Technologies, vol. 14, pp. 3-11, 2003.

M. L. Bras, M. Bugajny, J. M. Lefebvre and S. Bourbigot, “Use of polyurethanes as char-
forming agents in polypropylene intumescent formulations”, Polymer International, vol. 49,
pp. 1115-1124, 2004.

H. Q. Peng, Q. Zhou, D. Y. Wang, L. Chen, Y. Z. Wang, “A novel charring agent containing
caged bicyclic phosphate and its application in intumescent flame retardant polypropylene
systems”, Journal of Industrial and Engineering Chemistry, vol. 14, pp. 589-595, 2008.

F. Gao, L. Tong, Z. Fang, “Effect of a novel phosphorous-nitrogen containing intumescent
flame retardant on the fire retardancy and the thermal behaviour of poly(butylene
terephthalate)”, Polymer Degradation and Stability, vol. 91, pp. 1295-1299, 2006.

G. Camino, N. Grassie, and |. C. McNeill, “Influence of the fire retardant, ammonium
polyphosphate, on the thermal degradation of poly(methyl methacrylate)”, Polymer
Chemistry, vol. 16, pp. 95-106, 1978.

H. Demir, E. Arkis, D. Balkose, S. Ulku, “Synergistic effect of natural zeolites on flame
retardant additives”, Polymer Degradation and Stability, vol. 89, pp. 478-483, 2005.

J. Li, C. A. Wilkie, “Improving the thermal stability of polystyrene by Friedel-Crafts
chemistry”, Polymer Degradation and Stability, vol. 57, pp. 293-299, 1997.

X. Chen, C. Jiao, “Synergistic effects of hydroxyl silicone oil on intumescent flame retardant
polypropylene system”, Fire Safety Journal, vol. 44, pp. 1010-1014, 2009.

Y. Chen, J. Zhan, P. Zhang, S. Nie, H. Lu, L. Song, and Y. Hu, “Preparation of intumescent
flame retardant poly(butylene succinate) using fumed silica as synergistic agent”,
Industrial & Engineering Chemistry Research, vol. 49, pp. 8200-8208, 2010.

K. Kalaitzidou, H. Fukushima, L. T. Drzal, “A new compounding method for exfoliated
graphite—polypropylene nanocomposites with enhanced flexural properties and lower
percolation threshold”, Composites Science and Technology, vol. 67, pp. 2045-2051, 2007.



Science and applications of Tailored Nanostructures 27

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Y. Kojima, A. Usuki, M. Kawasumi, A. Okada, T. Kurauchi, and O. Kamigaito, “Synthesis of
nylon 6-Clay hybrid by montmorillonite intercalated with €-caprolactam”, Polymer
Chemistry, vol. 31, pp. 983-986, 1993.

C. Zeng and L. J. Lee, “Poly(methyl methacrylate) and polystyrene/clay nanocomposites
prepared by in-situ polymerization”, Macromolecules, vol. 34, pp. 4098-4103, 2001.

Y. Ou, F. Yang, Z. Z. Yu, “Anew conception on the toughness of nylon 6/silica
nanocomposite prepared via in situ polymerization”, Polymer Physics, vol. 36, pp. 789-795,
1998.

E. P. Giannelis, “Polymer layered silicate nanocomposites”, Advanced Materials, vol. 8, pp.
29-35, 1996.

P. B. Messersmith and E. P. Giannelis, “Polymer-layered silicate nanocomposites: in situ
intercalative polymerization of e-caprolactone in layered silicates”, Chemistry of Materials,
vol. 5, pp. 1064-1066, 1993.

C. Park, Z. Ounaies, K. A. Watson, R. E. Crooks, J. Smith Jr., S. E. Lowther, J. W. Connell, E. J.
Siochi, J. S. Harrison, T. L. St. Clair, “Dispersion of single wall carbon nanotubes by insitu
polymerization under sonication”, Chemical Physics Letters, vol. 364, pp. 303-308, 2002.
M. Sepehr, L. A. Utracki, X. Zheng, C. A. Wilkie, “Polystyrenes with macro-intercalated
organoclay. Part |. Compounding and characterization”, Polymer, vol. 46, pp. 11557-11568,
2005.

N. Hasegawa, M. Kawasumi, M. Kato, A. Usuki, A. Okada, “Preparation and mechanical
properties of polypropylene—clay hybrids using a maleic anhydride-modified
polypropylene oligomer”, Applied Polymer, vol. 67, pp. 87-92, 1998.

G. Liang, J. Xu, S. Bao, W. Xu, “Polyethylene/maleic anhydride grafted
polyethylene/organic-montmorillonite nanocomposites. |. Preparation, microstructure,
and mechanical properties”, Applied Polymer, vol. 91, pp. 3974-3980, 2004.

P. C. LeBaron, Z. Wang, T. J. Pinnavaia, “Polymer-layered silicate nanocomposites: an
overview”, Applied Clay Science, vol. 15, pp. 11-29, 1999.

G. Moad, K. Dean, L. Edmond, N. Kukaleva, G. Li, R. T. A. Mayadunne, R. Pfaendner, A.
Schneider, G. P. Simon, H. Wermter, “Non-lonic, Poly(ethylene oxide)-Based Surfactants as
Intercalants/Dispersants/Exfoliants for Poly(propylene)-Clay Nanocomposites”,
Macromolecular Materials and Engineering, vol. 291, pp. 37-52, 2006.

E. Olewnik, K. Garman, W. Czerwinski, “Thermal properties of new composites based on
nanoclay, polyethylene and polypropylene”, Journal of Thermal Analysis and Calorimetry,
vol. 101, pp. 323-329, 2010.

G. Edwards, P. Halley, G. Kerven, D. Martin, “Thermal stability analysis of organo-silicates,
using solid phase microextraction techniques”, Thermochimica Acta, vol. 429, pp. 13-18,
2005.

S. S. Ray, M. Bousmina, “Biodegradable polymers and their layered silicate
nanocomposites: In greening the 21* century materials world”, Progress in Materials
Science, vol. 50, pp. 962-1079, 2005.

O. Becker, R. J. Varley, G. P. Simon, “Thermal stability and water uptake of high
performance epoxy layered silicate nanocomposites”, European Polymer Journal, vol. 40,
pp. 187-195, 2004.

H. Ma, L. Tong, Z. Xu, Z. Fang, Y. Jin, F. Lu, “A novel intumescent flame retardant: Synthesis
and application in ABS copolymer”, Polymer Degradation and Stability, vol. 92, pp. 720-726,
2007.



Science and applications of Tailored Nanostructures 28

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

J. Zhu, F. M. Uhl, A. B. Morgan, and C. A. Wilkie, “Studies on the mechanism by which the
formation of nanocomposites enhances thermal stability”, Chemistry of Materials, vol. 13,
pp. 4649-4654, 2001.

J. Zhu, A. B. Morgan, F. J. Lamelas, and C. A. Wilkie, “Fire properties of polystyrene-clay
nanocomposites”, Chemistry of Materials, vol. 13, pp. 3774-3780, 2001.

B. Li, W. H. Zhong, “Review on polymer/graphite nanoplatelet nanocomposites”, Journal of
Materials Science, vol. 46, pp. 5595-5614, 2011.

I. H. Kim, Y. G. Jeong, “Polylactide/exfoliated graphite nanocomposites with enhanced
thermal stability, mechanical modulus, and electrical conductivity”, Polymer Physics, vol.
48, pp. 850-858, 2010.

F. Du, J. E. Fischer, K. I. Winey, “Coagulation method for preparing single-walled carbon
nanotube/poly(methyl methacrylate) composites and their modulus, electrical
conductivity, and thermal stability”, Polymer Physics, vol. 41, pp. 3333-3338, 2003.

Y. Xu, G. Ray, B. Abdel-Magid, “Thermal behavior of single-walled carbon
nanotubepolymer—matrix composites”, Composites: Part A, vol. 37, pp. 114-121, 2006.

X. Li, Y. Ou, Y. Shi, “Combustion behavior and thermal degradation properties of epoxy
resins with a curing agent containing a caged bicyclic phosphate”, Polymer Degradation
and Stability, vol. 77, pp. 383-390, 2002.

G. Beyer, “Nanocomposites: a new class of flame retardants for polymers”, Plastics,
Additives and Compounding, vol. 4, pp. 22-28, 2002.

M. Zanetti, L. Costa, “Preparation and combustion behaviour of polymer/layered silicate
nanocomposites based upon PE and EVA”, Polymer, vol. 45, pp. 4367-4373, 2004.

T. Kashiwagi, E. Grulke, J. Hilding, K. Groth, R. Harris, K. Butler, J. Shields, S. Kharchenko, J.
Douglas, “Thermal and flammability properties of polypropylene/carbon nanotube
nanocomposites, Polymer, vol. 45, pp. 4227-4239, 2004.

T. D. Hapuarachchi, T. Peijs and E. Bilotti, “Thermal degradation and flammability behavior
of polypropylene/clay/carbon nanotube composite systems”, Polymers Advanced
Technologies, vol. 24, pp. 331-338, 2013.

B. B. Marosfoi, S. Garas, B. Bodzay, F. Zubonyai and G. Marosi, “Flame retardancy study on
magnesium hydroxide associated with clays of different morphology in polypropylene
matrix”, Polymers Advanced Technologies, vol. 19, pp. 693-700, 2008.

C. Feng, Y. Zhang, D. Lang, S. Liu, Z. Chi, J. Xu, “Flame Retardant Mechanism of a Novel
Intumescent Flame Retardant Polypropylene”, Procedia Engineering, vol. 52, pp. 97-104,
2013.

H. Ma, L. Tong, Z. Xu, Z. Fang, “Intumescent flame retardant-montmorillonite synergism in
ABS nanocomposites”, Applied Clay Science, vol. 42, pp. 238-245, 2008.



